ences among all gel formulations (p < 0.01) except for COG and CEG (p > 0.01). COG and CEG exhibited higher antibacterial effects compared to FOB and GEG (p < 0.01) in both direct and transdentinal (indirect) testing procedures. GEG did not show any antimicrobial activity in transdentinal (indirect) testing. Conclusion: Commercially available dental gels inhibited S. mutans, which may indicate their potential as cavity disinfectants.
Introduction
Insufficient removal of caries-affected enamel and dentin represents a serious problem in restorative dentistry, as any bacteria remaining in the cavity after preparation may cause secondary caries [1] [2] [3] . The use of an antibacterial material as a cavity disinfectant has been recommended in order to provide an aseptic environment before pulp capping and lining [4, 5] .
Chlorhexidine digluconate (CHX) possesses a broad spectrum of activity against various oral microorganisms. At high concentrations, CHX can diffuse into bacteria, causing irreversible damage including precipitation and coagulation of cytoplasmic content, and death of the mi-gel ® (GEG, 0.2% hyaluronic acid), 35% phosphoric acid gel and distilled water (control). Direct agar diffusion was performed by isolating three wells from brain-heart infusion agar plates using sterile glass pipettes attached to a vacuum pump and adding 0.1 ml of the gels to each well. Transdentinal (indirect) agar diffusion was performed by applying gel to 0.2-and 0.5-mm-thick human dentin discs previously etched with phosphoric acid and rinsed with distilled water. Zones formed around the wells and the dentin discs were measured and analyzed using Kruskal-Wallis and MannWhitney U tests with Bonferroni correction (p < 0.01). Results: Direct agar diffusion tests showed significant differ-croorganisms [5, 6] . In an effort to improve dentin and root canal disinfection, researchers have examined the use of CHX-based gel formulations at different concentrations for testing the bioavailability of CHX in the application area and have found antibacterial action against Streptococcus mutans [4, [7] [8] [9] . Dentin plays an important role as a physical barrier against the diffusion of bacteria and bacterial by-products towards the pulp [5] . The ideal cavity disinfectant should provide effective antibacterial action without causing toxicity to pulp cells [5, 6] . However, in addition to the beneficial effects described above, CHX formulations have also been reported to have cytotoxic characteristics [10] [11] [12] . A number of studies have recommended less cytotoxic, biocompatible gel formulations in an effort to avoid any potentially harmful effects from CHX [10] [11] [12] and provide prolonged antibacterial features in deep dentin cavities [7] [8] [9] . Aloe vera gel has been reported to have potential antimicrobial, antioxidant and anti-inflammatory properties [13] [14] [15] with low levels of cytotoxicity [14] . A recent study by George et al. [13] utilizing direct agar diffusion testing found aloe vera gel to have antibacterial effects against S. mutans , which were attributed to saponins, glycoside-containing soapy molecules that have exhibited cleansing and antiseptic properties. Aloe vera's antibacterial properties have also been attributed to the plant's natural anthraquinones [13] [14] [15] . Moreover, it contains bee propolis, which is a brownish resinous substance collected by bees mainly from plants, and this may also contribute antibacterial properties [7, 8, 16, 17] . Hyaluronic acid-based gel formulations have also been found to have antibacterial effects on oral bacteria [18, 19] and to help improve wound healing [18] . Moreover, the chemical formulations of these gels have also been found to be biocompatible with odontoblast cells [20, 21] .
These gels are not designed specifically for cavity disinfection, but are available over the counter as general oral disinfectants. Therefore the hypothesis of this study was to evaluate the efficacy of commercially available gel formulations on S. mutans with two relevant in vitro test models.
Materials and Methods
Details of the antibacterial gel formulations are listed in table 1 . Antibacterial activity against S. mutans (ATCC 25175; Sigma-Aldrich, St. Louis, France) was evaluated using direct and indirect agar diffusion methods.
Direct Agar Diffusion Testing S. mutans was stored at -20 ° C and cultured on blood agar (Merck, Germany) at 37 ° C for 24 h in 5% CO 2 . A single colony was transferred to brain-heart infusion broth (Merck) and incubated at 37 ° C for 24 h. A suspension was prepared by diluting the broth culture with phosphate-buffered saline to a 0.5 MacFarland standard (1.5 × 10 8 organisms/ml). A sample of 10 μl of the S. mutans suspension was flood-inoculated onto the surface of brainheart infusion agar plates and then air-dried at 37 ° C for 15 min. For each gel formulation, 3 wells 6 mm in diameter were separated from the plates using sterile glass pipettes attached to a vacuum pump, and 0.1 ml of the gel samples were introduced into the wells.
Transdentinal (Indirect) Agar Diffusion Testing [5]
A total of 12 sound human third-molar teeth were collected after obtaining approval from the University Ethics Committee and informed consent from patients. Teeth were mounted in a precision cutting device (Micra Cut 125; Metkon, Turkey) fitted with a water-cooled diamond saw (Diamond Cutting Disc; Dimos-M, Turkey). Teeth were sliced transversally to obtain 3 discs from each tooth (n = 36). Dentin surfaces of the discs were polished with wet 600-grit silicon carbide paper to obtain discs measuring 0.2 mm (18 discs) and 0.5 mm (18 discs) in thickness and 8 mm in diameter according to a digital caliper (150 mm Digital Caliper; China). Discs were treated with 0.5 M ethylenediaminetetraacetic acid solution (pH 7.2) for 2 min to remove the smear layer and open the dentin tubules, rinsed twice with sterile deionized water and autoclaved at 121 ° C for 20 min, after which they were randomly distributed among the gel formulations. Prior to gel application, discs were placed in a sterile metallic tray and etched with 35% phosphoric acid gel (PAG, Scotchbond Etchant, 3M ESPE, Seefeld, Germany) for 15 s, rinsed and dried in order to mimic the clinical situation. Gels were applied to the entire occlusal side of each disc and left for 1 min before removing with sterile paper. Discs were placed in Petri dishes, prepared as described above, with the pulpal side of the disc facing the agar, and incubated at 37 ° C for 24 h in 5% CO 2 .
After 24 h, both for direct and transdentinal (indirect) agar diffusion testing, the inhibition zones in millimeters using a digital caliper (150 mm Digital Caliper) were measured once by 2 independent observers (blinded to the gel formulations) taken at the greatest distance between two points at the outer limit of the inhibition halo formed around the well and discs. Measurements were repeated 3 times to ensure the homogeneity of findings.
Statistical Analysis
Data analysis was performed using the Statistical Packages for Social Sciences for Windows 15.0 (SPSS Inc., Chicago, Ill., USA). The kappa value was calculated in order to measure the level of agreement between observers. The nonparametric Kruskal-Wallis and Mann-Whitney U test with Bonferroni correction (p < 0.01) were used to compare significant differences among groups.
Results
The antibacterial activity of the different gels tested against S. mutans is shown in table 2 . The kappa value was 0.95 between the 2 independent observers.
No inhibition zone was observed in the control gel formulation using either direct or transdentinal (indirect) agar diffusion testing. No inhibition zone was observed for the PAG group using transdentinal (indirect) testing; however, with direct testing, PAG showed significantly larger inhibition zones than all other groups tested (Cor- 
Discussion
Direct agar diffusion test results showed that all commercially available dental gel formulations tested in this study exhibited antibacterial effects against S. mutans . The transdentinal (indirect) agar diffusion activity tests using dentin thicknesses of 0.2 and 0.5 mm showed that COG gel had the greatest antibacterial effects, followed by CEG and FOB, whereas GEG and PAG did not show any antibacterial effects against S. mutans . The control group did not exhibit any antimicrobial action using both testing (direct or indirect) methods.
The results of this study showed that all commercially available antibacterial dental gel formulations exhibited direct antibacterial activity against S. mutans bacteria. Previous reports have also shown that higher CHX concentrations are better at inhibiting bacteria than lower concentrations [5, 22, 23] , but with an increased risk of cytotoxicity [6, 10, 11] . In the present study, CEG and COG exhibited similar antibacterial effects (p > 0.01) according to direct test results. Although the CHX concentration of CEG (0.2%) is lower than that of COG (1%), the 0.5% fluoride content of CEG could be responsible for its acceptable antibacterial activity according to the direct agar diffusion test results. Moreover, the antibacterial effects of FOB and GEG were found to be significantly lower (p < 0.01) than those of both CHX gel formulations in direct testing. The findings in this study regarding the antibacterial effects of FOB on S. mutans bacteria are similar to those of one recent study [13] . The findings in this study regarding the weaker antibacterial effects of GEG when compared to the CHX formulations are also similar to those of another recent study using streptococci [19] .
In the transdentinal (indirect) test method used in this study, PAG was applied and removed by rinsing prior to gel application in order to mimic dental adhesive application in a clinical situation. Contrary to results of direct agar diffusion testing, PAG showed no inhibitory effects against S. mutans in transdentinal (indirect) testing. This finding was similar to that of a previous report [5] and shows that the buffering capacity of dentin decreases the antibacterial effects of PAG, particularly in the transdentinal (indirect) test method. Furthermore, our results indicate that if phosphoric acid was unable to exert any antibacterial action in transdentinal (indirect) testing, the observed antibacterial effects would have been related strictly to the composition of the gel formulations, which were found to be: COG > CEG > FOB (p < 0.01).
All of these direct and transdentinal (indirect) findings indicate that the gel formulations tested may have potential as cavity disinfectants once their inhibitor effects on the microorganisms associated with secondary caries have been tested.
When comparing the antibacterial effects of gel formulations in direct versus transdentinal (indirect) testing, it could be clearly demonstrated that all of the gel formulations exerted higher antibacterial effects in direct testing compared to transdentinal (indirect) testing. Moreover, COG, CEG and FOB showed sufficient antibacterial effects after a short, 1-min application period that induced transdentinal (indirect) activity for up to 24 h. This finding indicates that FOB should also be considered an acceptable material with respect to the dentin thicknesses tested (0.2 and 0.5 mm). However, GEG was unable to inhibit bacterial growth in transdentinal (indirect) testing, regardless of dentin thickness. It is possible that the hyaluronic acid molecules did not have an opportunity to exhibit sufficient transdentinal (indirect) activity due to their random diffusion in the GEG matrix. Alternatively, this finding could also be explained by the inability of sufficient amounts of hyaluronic acid to diffuse across the dentin substrate in the short application (1-min) period. Overall, the present study found FOB and GEG to have beneficial antibacterial activity against S. mutans that was similar to that of CHX formulations (COG and CEG). However, further studies regarding the antibacterial effects of these gel formulations on other bacteria such as lactobacillus or Actinomyces and the transdentinal cytotoxic effects of FOB and GEG formulations are required in order to understand the ideal conditions for healing of the pulp-dentin complex. In view of the potential direct and transdentinal (indirect) antibacterial effects of FOB and the direct effects of GEG, future studies should continue to explore the use of these formulations as alternatives to CHX, given their relatively lower cytotoxicity.
Conclusions
CHX formulations (COG and CEG) showed significantly higher antibacterial activity when compared to FOB and GEG. All commercially available gels that were tested could be antibacterial formulations against S. mutans.
